Energy levels and emission spectra of W 25+ ion have been studied by performing the large-scale relativistic configuration interaction calculations. Configuration interaction strength is used to determine the configurations exhibiting the largest influence on the 4f 3 , 4d 9 4f 4 , 4f 2 5s, 4f 2 5p, 4f 2 5d, 4f 2 5f , 4f 2 5g, and 4f 2 6g configuration energies. It is shown that correlation effects are crucial for the 4f 2 5s → 4f 3 transition which in single-configuration approach occurs due to the weak electric octupole transitions. As well, the correlation effects affect the 4f 2 5d → 4f 3 transitions by increasing transition probabilities by an order. Corona model has been used to estimate the contribution of various transitions to the emission in a low-density electron beam ion trap (EBIT) plasma. Modeling in 10-30 nm wavelength range produces lines which do not form emission bands and can be observed in EBIT plasma.
Introduction
Tungsten features many essential properties, such as high-energy threshold of sputtering, low sputtering yield, and excellent thermal properties which make it a primary candidate for facing material of walls in thermonuclear reactors. However, some tungsten ions as impurities penetrate central regions of discharge, and their radiation takes away crucially important energy from fusion reaction. Therefore, there is a need of reliable atomic data for all tungsten ions in order to monitor the concentration of tungsten in the fusion plasma.
The aim of the current work is to study the energy levels and emission spectra of W 25+ by performing the large-scale relativistic configuration interaction (CI) calculations. The main focus is put on the emission in the spectral range of 2-30 nm, where the intensive radiation of tungsten ions has been theoretically and experimentally investigated in fusion, electron-beam ion trap (EBIT), and laser-produced plasmas by many authors [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20] . The number of the tungsten emission studies is too large to cite here in full. Detailed reviews of available results for the tungsten spectra and spectral lines in all ionization stages are presented in [21, 22] .
To the best of our knowledge, no fully relativistic with an extended CI basis theoretical investigation of emission spectra from W 25+ ion has been carried out so far.The emission from W 25+ has no detailed theoretical studies because of complicated calculations related to the open f shells. For ions having configurations with the open f shells, correlation effects may play a crucial role due to the mixing of large number of levels. To estimate the influence of correlation effects, the configuration interaction strength introduced previously in [23, 24] is employed in the current work. The same approach has been successfully used for the theoretical investigation of transitions in tungsten [25, 26] , transition metals [27] , and even the cascade of Auger processes [28, 29, 30] .
The relativistic effects in the Dirac-Fock approach with quantum electrodynamic corrections have to be included to provide accurate wavelengths and radiative transition probabilities for the highly charged ions of tungsten. Previous theoretical investigations included mainly higher than W 27+ or lower than W 10+ ionization stages of the tungsten ions. Spectra of W 25+ ion have been studied in [12] , [13] , and [16] where the pseudorelativistic approach with scaled integrals [31] is employed. In [13, 16] , the configuration interaction effects among the levels of up to three configurations are investigated. There are only a few works where energy levels and radiative transition probabilities for the tungsten ions with more than 3 electrons in f shell have been studied in the Dirac-Fock approach [32, 33] .
In the following section we describe the multiconfiguration Dirac-Fock method used to calculate the energy levels and radiative transition probabilities. In Sec. III, the obtained results for the energy levels and emission spectra are discussed, and in Sec. IV, the spectra from corona model are presented and discussed.
Method of calculation
The multiconfiguration Dirac-Fock (MCDF) method implemented in the GRASP2K code [34] adopts the Dirac-Coulomb-Breit Hamiltonian
to solve atomic structure problem for atoms and ions. Here h
is one-electron Dirac Hamiltonian, α and β are the fourthorder Dirac matrices, p is the momentum operator, V (r i ) is the electrostatic electron-nucleus interaction, h e ij is the instantaneous Coulomb repulsion and h trans ij is the transverse interaction operator:
where ω is the energy of a single photon exchanged between a pair of electrons i and j. Diagonalization of the Dirac-Coulomb-Breit Hamiltonian produces atomic state functions, Ψ γ , which characterize different fine-structure states and are expressed through the configuration state functions (CSFs)
where ζ represents any additional quantum numbers required to uniquely specify a state. The CSFs, Φ(ζJ), are built from a basis of two-component orbitals Here P nlj (r) and Q nlj (r) are the large and small radial components of oneelectron wavefunctions and χ ljm (r) are the two-component Pauli spherical spinors. QED corrections, which include vacuum polarization and self-energy (known as the Lamb shift), are considered in the first order of perturbation theory. Finally, the effects of finite nuclear size are modeled by using two-component Fermi statistical distribution function.
Energy levels and radiative transition probabilities
Theoretical energy levels for 22 configurations of W 25+ are presented in Figure 1 . The levels are identified by their dominant components in the LS coupled basis set. We include all the configurations which have energy levels either lower or overlaping with the highest energy level of 4d 9 4f 3 5s configuration. In addition, the configurations which correspond to the one-electron excitations from the ground 4f 3 configuration up to 6g shell are also pre-sented. The configuration 4d 9 4f 3 5s originates from the ground configuration 4f
3 of the ion after the one-electron excitation from the 4d to 5s shell. The total number of levels in the present work equals to 13937. The ground configuration of the ion consists of 41 levels (Table 1) . It can be seen from Table  1 that a mixing among the configuration state functions in LS-coupling is very prominent for some levels of the ground configuration. On the other hand, our expansion coefficients for the atomic wavefunctions in jj-coupling (not presented here) show that none of the coupling schemes are suitable for the unique identification of some levels.
The first excited configuration 4f 2 5s can decay to the ground configuration only through the electric octupole transitions in single-configuration approach. The largest probabilities for these transitions are of 10 s −1 order, and the transitions concentrate in the 10-12 nm region. Configuration mixing opens decay channels for electric dipole transitions to the levels of the ground configuration. However, their probabilities are much weaker compared to the other considered electric dipole transitions. The largest transition probabilities are of 10 7 s −1 order. The analysis of percentage compositions of the configuration state functions for levels reveals that the mixing of 4f 2 5s with 4d 9 4f 4 , 4f 2 5d, and 4d 9 4f 3 5p configurations is responsible for the electric dipole transitions. However, the percentage composition of the configuration state functions from these three configurations does not reach more than 1%. It should be noted that a very large CI basis is needed for such a small mixing of the configuration state functions in order to provide the reliable values of the radiative transition probabilities. The lines from 4f 2 5s → 4f 3 transition appear in the spectra when the population of the higher levels goes down through the steps of radiative transitions. Likewise, such process can appear on the scene in EBIT plasma when the interaction with electrons ends for ions ejected from electron beam [35] or in magnetic trapping mode [36] . The charge exchange of the ions with neutrals can also result in the radiative cascade of transferred electrons from the highly excited states of the ions [37, 38] . Table 1 : MCDF energy levels with spectroscopic identifications and leading percentage composition of the wave functions in W 25+ . Levels having the largest lifetimes and levels to which radiative transition takes place from these levels are presented. JP stands for the total angular momentum quantum number J and parity P. Energies are given relative to the Table 2 presents configuration interaction strengths [23, 24] for 4f 3 , 4d 9 4f 4 , 4f 2 5s, 4f 2 5p, 4f 2 5d, 4f 2 5f , 4f 2 5g, and 4f 2 6g configurations, which are responsible for the line formation in emission spectra of 2-30 nm range [13, 16, 39] . The largest configuration mixing is determined for 4f 2 5d, 4f 2 5f , and 4f 2 5g configurations ( Table 2) . Previous analysis has established that the correlation effects make a small contribution to the gA spectrum of the W 25+ ion [13] . However, our calculations show that the CI increases the radiative transition probabilities for the 4f 2 5d → 4f 3 transition by an order (Fig. 2) and affects the distribution of lines. The inclusion of correlation effects changes the average wavelength and width of lines (λ = 5.02 nm, σ = 0.54 nm toλ = 4.90 nm, σ = 1.20 nm). Thus, the spectra from these transitions in W 25+ have to be investigated by taking into account the configuration mixing. It is interesting to note that the strongest mixing of 4d 9 4f
4 configuration does not take place with 4f 2 5d configuration. The configuration interaction strength shows that 4d 8 4f 4 5d and 4d 7 4f 6 configurations have the largest influence to the 4d 9 4f 4 configuration. The additional CI basis has been used to estimate the impact of these configurations (4d 8 4f 4 5d, 4d 7 4f 6 , 4p 5 4d 9 4f 5 ) on the wavelengths and radiative transition probabilities of 4d 9 4f 4 → 4f 3 transition. It was found that the transition wavelengths increase by less than 0.17 nm while the radiative transition probabilities change by less than 20 % for the strongest lines. Electron-impact excitations from the long lived levels are responsible for the population of levels in a low density plasma. Table 3 presents levels, which have the smallest values of the total radiative decay rates. We only present levels with the total radiative transition rates not exceeding the total decay rates of the ground configuration levels. It should be noted that the second excited level can decay to the ground level only through the magnetic octupole transition (λ = 2790.29 nm) which has not been studied here. The highly-excited states of the ion have radiative lifetimes comparable with the lifetimes of the excited levels of the ground configuration which decay mainly through the weak magnetic dipole transitions. These levels belong to the 4d 9 4f 4 and 4d 8 4f 5 configurations. The extremely large total angular momentum J values of these levels limit the possible decay channels and lead to the large lifetimes.
The previous investigations [13, 16, 39] show that the lines from the electric dipole (n = 4) → (n = 4), (n = 5) → (n = 4), and (n = 5) → (n = 5) transitions in W 25+ ion have wavelengths in the 2 -30 nm region. The lines in the range from 2 to 4 nm have been identified as corresponding to 4f [13, 39] . The study [39] has included 4f N −2 5s5g → 4f N −1 5s transition because the first excited configurations of the considered ions cannot combine radiatively with the ground configuration. However, correlation effects open the decay channels for electric dipole transitions as it is demonstrated above for the W 25+ ion. Furthermore, the levels of 4f 2 5s configuration do not have the largest lifetimes among the investigated levels. Figures 3, 4 , and 5 show theoretical radiative transition probabilities multiplied by the statistical weights of initial levels. The strongest lines in the spectra are concentrated at 2.4, 3.0, and 5.0 nm. The first two groups of the 2 5p → 4f 2 5s; c) 4f
, and e) 4f 2 5g → 4f 2 5f transitions. Black line comes from f) spectrum of all transitions considered in this work.
The modeling of emission spectra
Many strong transitions fall into the range of 2 -30 nm where strong emission from the considered configurations is observed (Figs. 3, 4, and 5) . Intensive lines in the low-density plasma mainly originate from the configurations which correspond to the one-electron excitations from the configuration levels with the large lifetimes because such levels are mainly populated. We have calculated the electron-impact excitation cross-sections from the ground 4f 3 5/2 subconfiguration in the distorted-wave approximation at 790 eV electron beam energy, which corresponds to the energy used in EBIT measurements [6] . The single-configuration approximation and the UTA mode implemented in Flexible Atomic Code (FAC) [40] were applied. It is determined that the strongest one-electron excitations, in decreasing order, are: 4d → 4f , 4d → 5d, 4f → 5g, 4f → 5f , 4d → 5g, 4f → 6g, 4d → 5p. The electron-impact cross-sections for 4d → 4f excitation are by one order larger compared with 4d → 5d excitation and by two orders larger than 4f → 5d excitation. It can be seen from Figs. 3, 4, and 5 that transitions from 4d 9 4f 4 , 4f 2 5p, 4f 2 5d, 4f 2 5f , 4f 2 5g, and 4f 2 6g configurations feature large radiative transition probabilities. However, the large radiative transition probabilities alone are not enough to ensure strong lines in the spectrum of a low-density plasma. The distribution of gA values will not fully reproduce the spectral shape and important transitions, since it does not take population mechanisms into account.
As far as we know, no modeling of the spectra for W 25+ has been performed for a monoergetic electron beam, except in [41] . Their collisionalradiative modeling included 4f 3 and 4f 2 5l (l = 0, 1, 2, 3) configurations but omitted 4d 9 4f 4 and 4f 2 5g configurations. However, the configuration interaction strengths presented in Table 2 show that 4f 2 5d configuration strongly mixes with 4d 9 4f 4 configuration. Furthermore, the configuration interaction has to be taken into account between 4f 2 5f and 4d 9 4f 3 5s configurations. On the other hand, 4d 9 4f 4 , 4d 9 4f 3 5d, and 4f 2 5g configurations have to be included into modeling due to their strong electron-impact excitations from the ground configuration.
In this work, the corona model is used to estimate population of levels and to find contribution of various transitions to the line formation for W 25+ in a low-density plasma. The population of levels from the higher levels through radiative cascade is also included in our investigation. Two approaches are adopted to obtain electron-impact excitation rates. First of all, the rates are considered as being proportional to the electric multipole (E1, E2, E3) transition probabilities, and the corona model is used to find the population of levels. Then these spectra are compared with the modeling where the electron-impact excitation rates are calculated using the distorted-wave ( DW) approximation.
For large incident electron energies, compared with excitation energies, the plane-wave Born (PWB) method produces accurate electron-impact excitation rates but this method is restricted only to spin-allowed transitions [31] . On the other hand, the intermediate coupling mixes states with the various spins and the total spin quantum number is not well defined. At this energy limit, radiative transition probabilities can be used instead of electron-impact excitation cross-sections, because the matrix element of the PWB operator transforms to the matrix elements of electric multipole transition operators. Thus, the selection rules for the PWB cross-sections are identical to those for the electric multipole radiation. The previous study of W 29+ to W 37+ spectra in EBIT plasma [10] has demonstrated that relative line intensities for resonant 4p
4d N (N = 1 − 9) transitions quite well agree with the collisional-radiative modeling [6] , but in the case when electric dipole transition probabilities are used in the corona model.
In addition, the electron-impact excitation rates from the levels of the ground configuration are calculated within the distorted-wave approximation at 790 eV of electron beam energy and 10 12 cm −3 of electron beam density using the FAC code. The same basis of interacting configurations is employed in these calculations. The Gaussian distribution function with a full width at half-maximum of 30 eV is used for the electron energy.
Good agreement between both approaches can be noticed for groups of lines which correspond to transitions from the excited configurations 4f 2 6g, 4f 2 5g (Fig. 6 ), 4d 9 4f 4 , and 4f 2 5d (Fig. 7) to the ground configuration. Some discrepancies between two applied approaches can be attributed to the different methods implemented in the GRASP2K and FAC codes. However, the relative intensities determined by the different approaches for the group of lines at 2.4 nm differ by two times. It can be explained by the fact that the relative excitation rates from the levels of the ground configuration to the levels of 4f 2 6g and 4f 2 5g configurations differ when the PWB and DW approximations used. Spectra of gA values show good agreement with modeled spectra too. It should be noted that the influence of 4f 2 5d → 4f Wavelength (nm) Figure 6 : Spectra from corona models in the 2 -4 nm range when populations of levels are obtained after excitation from a) the ground, b) the first excited, and c) the second excited levels. Black line -spectrum when electric dipole transition probabilities used for electron-impact excitation rates; orange line -electron-impact excitation rates calculated using DW method.
in the both modeled spectra (Fig. 7) . Many strong lines correspond to this transition while the corresponding gA values are much smaller compared with those from the 4d 9 4f 4 → 4f 3 transition. The largest discrepancies among the spectra of two corona models and gA values are obtained in the 10-30 nm range where (n = 5) → (n = 5) transitions are observed (Fig. 8) . The radiative cascade plays a crucial role in the line formation for the transitions in both corona models. The radiative cascade has the largest influence for the lowest configurations of the complex.
Corona modeling, where the DW excitations are used to calculate populations of the excited levels, especially highlights the lines from the 4f 2 5f → 4f 2 5d transition in the 13 nm region. This contrasts to the line intensities detemined using the modeling with electric transition probabilities. Interestingly, the intensities of the strongest lines obtained with the DW method are not strongly affected by radiative cascade. In the PWB limit, the initial configuration is mainly populated through the radiative cascade because direct excitations from the levels of the ground configuration are very weak. On the other hand, electron-impact excitation cross-sections from the ground configuration to the 4f 2 5f configuration are quite strong according to our UTA calculations performed using the DW approximation. The same region is populated by the lines from 4f 2 5d → 4f 2 5p transition. However, in this case the influence of the radiative cascade is very important.
The strongest increase of line intensities compared with gA spectrum is observed in the 10-12 nm region. This region is formed by the 4f 2 5s → 4f 3 transition which has not been investigated before. Their electric dipole transition probabilities are very small compared to other electric dipole transitions as it is mentioned in Sec 3. Only the radiative cascade from the higher levels is responsible for the strong increase of the population of levels of 4f 2 5s configuration.
Other groups of lines at 18 nm (4f 2 5d → 4f 2 5p, 4f 2 5p → 4f 2 5s) and 28 nm (4f 2 5p → 4f 2 5s) are strongly affected by the radiative cascade as well. Finally, the most interesting result of modeling in the 10-30 nm range is a complex structure of lines which do not form emission bands. Those lines, close to 13, 18, and 29 nm, can be observed in EBIT plasma. Another interesting study would be in the wavelength range of the 10-12 nm where lines from the 4f 2 5s → 4f 3 transitions are concentrated. These transitions were not previously analyzed neither theoretically nor experimentally.
Estimation of uncertainties
Estimation of uncertainties in our data is based on the difference between single-configuration and CI methods. Because our CI basis includes the main configurations important for the considered configurations, we assume that the larger CI basis will not have larger impact to the energy levels, wavelengths, and transition probabilities.
For 4f 3 configuration, the energy levels are approximately 0.23 a.u. lower in CI calculations compared with the single-configuration method. Even better agreement is obtained for 4f 2 5s (0.045 a.u.) and 4f 2 5p (0.014 a.u.) configurations. Large mixing among the configuration state functions of 4d 9 4f 4 and 4f 2 5d configurations indicates that these levels have to be investigated together. For this group of configurations, the disagreement between both calculations does not reach 0.2 a.u. The largest discrepancies appear for the more excited configurations of n = 5 complex (4fThe corona model is used to find contribution of various transitions to the formation of lines in the spectrum. The modeling has demonstrated good agreement with the spectra of gA values for strong transitions to the ground configuration. However, the corona modeling boosts intensities of the lines corresponding to the 4f 2 5s → 4f 3 transition. Levels of the 4f 2 5s configuration are mainly populated through radiative cascade from higher levels.
Two approaches are applied to estimate electron-impact excitation rates in the corona model -the distorted-wave approximation and radiative transition probabilities used for the electron-impact excitation rates. Good agreement is determined between two approaches for strong transitions in the 2 -7 nm range. Modeling of spectra in the 10-30 nm range reveals the structure of lines which do not merge to emission bands. We suggest further EBIT observations for those lines in W 25+ spectra.
